Volume holograms for subpicosecond pulse shaping are described. Experimental results with a camphorquinonedoped plastic hologram probed by a colliding-pulse mode-locked laser are presented. We observe a 2-THz beat frequency in the diffracted pulse.
The use of spectral filtering to modulate subpicosecond laser pulses has been detailed in recent research. 1 4 We describe experiments that achieve similar results by using the Bragg selectivity of volume holograms to control spectral channels independently. Volume holographic techniques offer high spectral resolution and the potential for highspeed programming. In addition to applications in high-bandwidth communications and nonlinear molecular spectroscopy, these techniques are important for constructing programmable pulses for polychromatic volume holographic recording systems. 5 Subpicosecond effects in photorefractive volume holograms were previously observed by Acioli et al. , 6 who attribute their results to spatial localization of holographic regions rather than to the spectral filtering process reported here.
Our goal is to diffract an incident plane-wave pulse onto a diffracted plane-wave pulse with a modulated temporal spectrum. Just as with thin holograms, a single-grating volume hologram diffracts different wavelengths in different directions. For a volume hologram, however, the diffraction efficiency varies strongly with wavelength. In the limit as the hologram becomes infinitely thick, only a single wavelength is diffracted from a pulse incident from a given direction. Suppose that the nominal wave vector of the incident pulse is ki. We wish to diffract onto an output pulse with nominal wave vector k,. Figure 1 shows these vectors on the wave normal surface for light of frequency coo. Oi and 0, represent the angles between ki and k, and the 2 axis. Ideally, Oi = O, = 0. Also shown are the wave normal surfaces for frequencies clustered around co 0 . The incident pulse consists of a superposition of plane waves with wave vectors parallel to ki. We would like the diffracted pulse to be a similar superposition of plane waves propagating along the k, direction. The Bragg phase-matching constraint tells us that a volume grating couples a pair of plane waves if and only if the grating wave vector joins the end points of the wave vectors of the plane waves on the wave normal surface. The grating wave vectors shown in Fig. 1 therefore couple the plane waves that they join. The grating wave vector that couples light at frequency co is
As shown in Fig. 1 , all the grating wave vectors that couple one pulse to the other are parallel. For lowdiffraction-efficiency holograms, the phase and amplitude of the diffracted signal at frequency co is proportional to the phase and amplitude of the grating at spatial frequency Kg(wo). This qualitative analysis suggests that a hologram consisting of many parallel gratings is appropriate for the pulseshaping problem. We limit our analysis to such onedimensional holograms. We focus on the system shown in Fig. 2 . The subsystem consisting of a cw Ar+ laser and acoustooptic (AO) deflectors is used to record a volume hologram. Once the hologram has been recorded, it is probed by a pulse from a mode-locked source. Autocorrelations of the diffracted and undiffracted pulses are measured. During the recording process, temporal signals s 1 (t) and s 2 (2) where va is the acoustic velocity and Ar is the wavelength of the recording field. The phase of the grating is equal to the difference in the phases of the spectra at fQ. The mode-locked pulse scatters off a volume hologram rather than directly off the AO cells because holograms support greater thickness and resolution than are practical with AO cells.
Despite these difficulties direct AO modulation may play a role in future applications.
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where eV(x) is the holographic perturbation. I TE modes, Eq. (3) reduces to the scalar integ equation
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As we saw in our qualitative discussion, the transfer ferfunction at to is proportional to the Fourier transfor form of V(x) at Kg = (co/coo)(ki -k 5 ).
To explore the transfer function experimentally, (3) we use discrete gratings. (4) where Ho') is a zeroth-order Hankel function, p= xx + z2, T, is a solution to the unperturbed wave equation, and we have taken a temporal Fourier transform. As we wish to maintain a linear relationship between the spatial spectra of the recording beams and the spectrum of the scattered beam, we consider Eq. (4) in the weak scattering limit, where the Born approximation is appropriate. We decompose T into the sum of an incident part
To(x, z, cv) and a scattered part TP(x, z, cv). The Born approximation consists of the assumption that ITsI << To I for all p, to. We substitute T 0 for T, and T on the right-hand side of Eq. (4) to find the scattered spectrum,
To(p!, cv)dp'. (5) In the Fraunhofer regime, where p = IPI >> L., L 5 , 
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where we assume that the perturbation is nonzero for -LX/2 < x < LX/2 and -L,/2 < z < L,/2, and we limit ourselves to transmission holograms. If we assume that Lx cos 0 > L, sin 0, the transfer function is nonzero over a range of AO approximated by
Although the angular spread of the diffracted pulse allows for further pulse shaping by spatial filtering, in our experiments the autocorrelation was generated from the total diffracted field, which corre- sponded to an integral of the autocorrelation signal over AG. The bandwidth of this signal is determined by finding the range of frequencies Aco for which T is nonzero over the range of the allowed AG.
The center frequency at a given AO is 
2 sin 0
We used holographic material created by doping 5% camphorquinone (TCI America) into a commercial casting plastic (Castolite-AP) as a holographic medium. The sample is cast between glass slides. The sample used in the experiment described here is 2 mm thick. The holographic mechanism in this material is a hydrogen-ion transfer with the polymer matrix. 7 In our samples the hologram is permanent. The holograms were recorded using the 514-nm line of an Ar' laser. The diffraction efficiency of the recorded holograms was 1%. The weak diffraction efficiency made the dye amplifier chain of Fig. 2 necessary. The pulse repetition frequency from the chain was 10 Hz. We recorded a two-grating hologram with a nominal grating period of 686 nm. The separation between the periods of the two gratings is 6 nm, corresponding to a frequency difference of 14 MHz for the two harmonics in the AO cells. This separation corresponds to a beat frequency of 1.9 THz in the diffracted pulse. We reconstruct the hologram using a 620-nm pulse. Figure 3 shows the autocorrelations of the undiffracted and diffracted pulses passing through this hologram. Asymmetry in the autocorrelation arises from the long integration time (-30 min) used to take the curve. This integration time was needed to overcome the low repetition frequency of the amplifier chain. The -250-fs peak spacing in the diffracted pulse autocorrelation is consistent with a 2-THz beat frequency.
While we have chosen to work in the weak diffraction limit, high-diffraction-efficiency volume holograms may be needed for the technique described here to be competitive with other methods. It may also be desirable to consider two-dimensional perturbations to incorporate dispersion compensation, combat spatial dispersion in the diffracted spectrum, and improve the spectral resolution. While permanent holograms have been used for this demonstration, the use of dynamic media is essential to the success of this technique. Photorefractive and dynamic organic media can be used to demonstrate pulse shaping with millisecond programming times. Extension to semiconductor media may allow pulse shaping with nanosecond programming times. Short programming times will likely require a shift to volume holography in slab waveguides, where many grating holograms can be recorded with higher diffraction efficiency than is possible in bulk 8 and where resonant nonlinearities may be used to record relatively fast and sensitive dynamic gratings.
